Q. Heart rate recovery after maximal exercise is blunted in hypertensive seniors. J Appl Physiol 117: 1302-1307, 2014. First published October 9, 2014 doi:10.1152/japplphysiol.00395.2014.-Abnormal heart rate recovery (HRR) after maximal exercise may indicate autonomic dysfunction and is a predictor for cardiovascular mortality. HRR is attenuated with aging and in middle-age hypertensive patients, but it is unknown whether HRR is attenuated in older-age adults with hypertension. This study compared HRR among 16 unmedicated stage 1 hypertensive (HTN) participants [nine men/seven women; 68 Ϯ 5 (SD) yr; awake ambulatory blood pressure (BP) 149 Ϯ 10/87 Ϯ 7 mmHg] and 16 normotensive [control (CON)] participants (nine men/seven women; 67 Ϯ 5 yr; 122 Ϯ 4/72 Ϯ 5 mmHg). HR, BP, oxygen uptake (V O2), cardiac output (Qc), and stroke volume (SV) were measured at rest, at two steady-state work rates, and graded exercise to peak during maximal treadmill exercise. During 6 min of seated recovery, the change in HR (⌬HR) was obtained every minute and BP every 2 min. In addition, HRR and R-R interval (RRI) recovery kinetics were analyzed using a monoexponential function, and the indexes (HRRI and RRII) were calculated. Maximum V O2, HR, Qc, and SV responses during exercise were not different between groups. ⌬HR was significantly different (P Ͻ 0.001) between the HTN group (26 Ϯ 8) and the CON group (36 Ϯ 12 beats/min) after 1 min of recovery but less convincing at 2 min (P ϭ 0.055). BP recovery was similar between groups. HRRI was significantly lower (P ϭ 0.016), and there was a trend of lower RRII (P ϭ 0.066) in the HTN group compared with the CON group. These results show that in older-age adults, HRR is attenuated further with the presence of hypertension, which may be attributable to an impairment of autonomic function.
A DELAYED HEART RATE RECOVERY (HRR) following maximal exercise indicates an abnormal reactivation of the parasympathetic nervous system and/or withdrawal of sympathetic nervous activity (13, 17, 26, 30) . Although the relative roles of parasympathetic reactivation and sympathetic withdrawal remain in question, attenuated HRR may be a sign of autonomic dysfunction (20) . Attenuated HRR has been linked to increased mortality in healthy adults (9) , as well as those with cardiovascular disease (8, 24) and diabetes (6) .
HRR in young to middle-aged hypertensive adults is attenuated compared with age-matched normotensive adults (11) . This difference is thought to reflect the decreased parasympathetic activity observed in hypertensive adults through HR variability (HRV) analysis (27) . Likewise, sympathetic hyperactivity has been observed in hypertensive adults (1, 12, 32) . However, we are unaware of any studies that have investigated the effect of hypertension on HRR in a cohort of older-age subjects. Aging is independently associated with increased sympathetic activity (16, 22, 28) , reduced influence of parasympathetic activity as measured by HRV (2) , and delayed HRR (5) . Whether hypertension attenuates HRR further in older-age adults is unknown.
Like HRR, chronotropic incompetence (CI) or an attenuated rise in HR during exercise has also been linked to mortality (19, 21) . When CI is combined with HRR, the combination may be more predictive of mortality than either measurement on its own (23) . CI may also be a function of altered autonomic regulation, specifically, delayed parasympathetic withdrawal and sympathetic activation (15) . However, the diminished parasympathetic activity and increased sympathetic activity in hypertensive adults may preserve the chronotropic response to exercise but attenuate HRR.
Accordingly, the purpose of the current study was to compare HRR and CI from a maximal treadmill exercise test between normotensive and hypertensive older-age adults. We hypothesized that HRR would be attenuated in the hypertensive (HTN) group, but CI would be similar between the HTN and normotensive [control (CON)] groups.
METHODS
Ethical approval. The protocol was approved by the Institutional Review Boards of the University of Texas Southwestern Medical Center and Texas Health Presbyterian Hospital Dallas. Each subject was informed of the purpose and risks associated with the study and gave written, informed consent in accordance with the standards set by the Declaration of Helsinki.
Participants. Thirty-two older participants (60-78 yr) were recruited for the study. To be eligible for the study, participants could be normotensive or have treated or untreated stage 1 hypertension. Participants were screened with a careful medical history, physical examination, and a 12-lead ECG assessment. Participants were excluded from the study if they smoked, had a history of cardiovascular disease other than hypertension, had any history of neuromuscular or renal disease, or exercised more than three times/week, Ͼ30 min/ session. The women were postmenopausal and not receiving estrogenreplacement therapy.
Following the screening, participants who were using antihypertensive medication were weaned off their medication and then remained medication free until they completed the study. All participants then had a 3-wk run-in, during which participants received counseling and were encouraged to maintain healthy lifestyle interventions, as recommended by The Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure guidelines (7) . At any stage during the medication washout or the 3-wk run-in, participants were excluded from the study and asked to resume their previous antihypertensive medication immediately if systolic blood pressure (SBP) Ն160 mmHg or diastolic blood pressure (DBP) Ն100 mmHg, as measured in the office, appeared. During the run-in, participants were required to come to the laboratory for a once/wk BP check, as well as to measure and record their BP daily at home.
At the conclusion of the 3-wk run-in, the awake average of a 24-h ambulatory BP measurement (SunTech Oscar 2; SunTech Medical, Morrisville, NC) was used to assign participants as normotensive (SBP Ͻ 135 mmHg; DBP Ͻ 85 mmHg), isolated systolic hypertensive (SBP 135-159 mmHg; DBP Ͻ 85 mmHg), or combined systolicdiastolic hypertensive (SBP 135-159 mmHg; DBP Ն 85 mmHg) (7) . Sixteen participants were classified as hypertensive (HTN group; nine men and seven women; 60 -76 yr of age), and 16 participants were classified as normotensive (CON group; nine men and seven women; 61-78 yr of age]. In the HTN group, six participants (two men and four women) were classified as isolated systolic hypertensive, and 10 participants (seven men and three women) were classified as combined systolic-diastolic hypertensive.
Protocol. Upon arriving at the laboratory, participants were instrumented and rested in a standing position for no less than 20 min. The participant then walked and/or ran on a treadmill for 5 min at two individually chosen, steady-state speeds: the first speed corresponding with 30% maximum oxygen uptake (V O2max) and the second speed at 60% V O2max. After 15 min of seated rest, participants then completed an incremental test to exhaustion on the treadmill. The speed of steady-state 2 was chosen, and the gradient increased 2% every 2 min to maximal exertion. Immediately upon cessation of the exercise, participants rested in a seated position for 6 min.
Beat-by-beat HR and R-R interval (RRI) were measured continuously throughout the protocol (12-lead ECG). Cardiac output (Qc; C2H2 rebreathing method) (18, 29) , V O2 (Douglas bag method), and BP (electrosphygmomanometer) were measured at rest, during each steady-state stage, and at maximal exercise. Stroke volume (SV) was calculated as SV (ml) ϭ Qc/HR. Expired gas fractions were analyzed using mass spectrometry and ventilator volumes by a Tissot spirometer. V O2 was defined as the maximal V O2 measurement from at least a 30-s Douglas bag measurement. Mean arterial pressure (MAP) was calculated as MAP (mmHg) ϭ [(SBP Ϫ DBP)/3] ϩ DBP. Total peripheral resistance (TPR) was calculated as TPR (dyn/s/cm 5 ) ϭ (MAP/Qc) ϫ 80 (14) .
Data analysis. CI was assessed as the percentage of calculated HR reserve reached at peak exercise using the following equation (19) . CI (%) ϭ (measured HR reserve/calculated HR reserve) ϫ 100.
where measured HR reserve represents the difference between the measured peak and resting HR; calculated HR reserve represents the difference between calculated peak HR (i.e., 220 Ϫ age) and measured resting HR.
HR and RRI recovery were calculated as the absolute difference in HR (⌬HR) and RRI (⌬RRI) compared with peak exercise values; recovery values were recorded at the end of each minute (10 s average) for 6 min postexercise. In addition to conventional analysis strategies that are designed to provide simple yet meaningful clinical applications, the dynamic HR and RRI recovery profiles were characterized using a monoexponential function (4) to describe both the amplitude and time-course domains of the response simultaneously. Thus off-transient responses for HR and RRI were modeled using the following equation
where Y(t) represents the HR or RRI at any given time (t); YBSLN is the prerecovery value of Y before exercise cessation [e.g., maximum HR (HRmax)]; A is the amplitude of the change in Y from YBSLN; and is the recovery time constant (mean response time) and represents the time required to attain 63% of the steady-state amplitude (4). Data were modeled from exercise cessation to the end of the recovery period. The model parameters were estimated by least-squares nonlinear regression (Origin; OriginLab, Northampton, MA), in which the best fit was defined by minimization of the residual sum of squares and minimal variation of residuals around the y-axis (Y ϭ 0). In addition, an overall index of the HRR profile [incorporating both amplitude and , which we have termed the "HRR index" (HRRI)] is given as the quotient of A/ and expressed as beats/min 2 , where a greater HRRI is indicative of a more efficient postexercise recovery.
Statistical analysis. Individual means between groups were analyzed using an unpaired t-test. All other measurements were analyzed by two-way repeated-measures ANOVA with Bonferroni t-test post hoc analysis. In the event that normality tests and/or equal variance tests failed, the data were log transformed and analyzed again using the same two-way repeated-measures ANOVA. Statistical significance was set at P Ͻ 0.05. Results are shown as mean Ϯ SD.
RESULTS

Subject characteristics.
There were no significant differences in age, height, weight, or body mass index between the HTN and CON groups (Table 1) . Twenty-four-hour ambulatory SBP, DBP, and MAP were all significantly higher in the HTN group.
Resting and exercise data. V O 2 , Qc, HR, and SV were similar between the HTN and CON groups at rest and during both steady states (Table 2 ). V O 2max as well as HR, Qc, and SV at peak exercise were also similar between groups. SBP, DBP, and MAP were all significantly higher during exercise in the HTN group than the CON group, but there was no group difference for TPR ( Table 2) .
Chronotropic incompetence. The rise in HR (79 Ϯ 17 vs. 82 Ϯ 11 beats/min; P ϭ 0.527) and SBP (74 Ϯ 25 vs. 78 Ϯ 21 mmHg; P ϭ 0.571) from rest to peak exercise was similar in the HTN and CON groups, respectively. CI in the HTN group (114 Ϯ 14%) was not significantly different than the CON group (118 Ϯ 18%; P ϭ 0.387).
Exercise recovery data. Peak exercise HR and RRI were not significantly different between the HTN and CON groups. ⌬HR was significantly lower in the HTN group than the CON group at 1 min, although the difference between groups was less convincing at 2 min (P ϭ 0.055; Fig. 1 ). There were no group differences in the postexercise ⌬RRI response (Fig. 1) .
According to the categorical criteria of an abnormal HRR response at 1 min (Յ18 beats/min considered a greater cardiovascular risk), as set by Watanabe et al. (31) , one in the CON group (zero men and one woman) and four in the HTN group (three men and one woman) had an attenuated HRR response ( 2 , P ϭ 0.333). With the use of the criteria (Յ42 beats after 
Data are shown as mean Ϯ SD. CON, normotensive (control); HTN, hypertensive; BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic BP; MAP, mean arterial pressure. HR and BP measurements were calculated from 24-h ambulatory BP monitoring.
2 min considered a greater risk of mortality), outlined by Cole et al. (9) , two in the CON group (one man and one woman) and four in the HTN group (two men and two women) had an attenuated HRR response ( 2 , P ϭ 0.651). Postexercise SBP and MAP were higher in the HTN group than the CON group, but there was only a trend of higher DBP in the HTN group (Fig. 2 ). There were no group differences in SBP, DBP, and MAP changes in peak values during recovery (Fig. 2) .
Monoexponential modeling. In general, the individual coefficient of determination for the monoexponential models used was excellent for HR (mean r 2 Ͼ 0.950) and RRI (mean r 2 Ͼ 0.890).
The monoexponential modeling of the HR kinetics response revealed similar A (HTN ϭ 74 Ϯ 8; CON ϭ 76 Ϯ 12 beats/min; P ϭ 0.409) values during postexercise recovery. However, was higher (HTN ϭ 126 Ϯ 35; CON ϭ 102 Ϯ 68 s; P ϭ 0.047), and HRR I was lower in the HTN group (38 Ϯ 12 beats/min 2 ) compared with the CON group (58 Ϯ 30 beats/min 2 ; P ϭ 0.016). As a result, the percentage of overall HRR that occurred in the 1st min was lower in the HTN group (39 Ϯ 9%) than the CON group (52 Ϯ 16%; P ϭ 0.012). Furthermore, the time to attain a clinically meaningful ⌬HR of 18 beats/min (⌬HR 18 ) was slower in the HTN group (⌬HR 18 ϭ 27 Ϯ 7 s) than the CON group (⌬HR 18 ϭ 21 Ϯ 11 s; P ϭ 0.017), and there was a trend for the HTN group to attain ⌬HR 42 (⌬HR 42 ϭ 57 Ϯ 15 s) slower than the CON group (⌬HR 42 ϭ 43 Ϯ 23 s; P ϭ 0.019).
Interestingly, there was a single outlier in the CON group whose HRR profile was not well characterized by a monoex- Data are shown as mean Ϯ SD. SS1 and -2, steady-state 1 and 2 work rates, respectively; Max, peak exercise; V O2, oxygen uptake; Qc, cardiac output; SV, stroke volume; TPR, total peripheral resistance. *Significant group effect (P Ͻ 0.05). ponential model. This participant had a greater reduction in HR between 2 and 3 min postexercise (20 beats/min) than either HR max Ϫ 1 min postexercise (13 beats/min) or between 1 and 2 min postexercise (18 beats/min). When this subject was removed from the statistical analyses, differences in (CON ϭ 88 Ϯ 39 s; P ϭ 0.008), HRR I (60 Ϯ 30 beats/min 2 ; P ϭ 0.009), ⌬HR 18 (19 Ϯ 7 s; P ϭ 0.003), and ⌬HR 42 (39 Ϯ 15 s; P ϭ 0.003) all achieved a higher degree of probability.
HR (bpm)
The dynamic adjustment of RRI during postexercise recovery was similar between the HTN (A ϭ 377 Ϯ 124 ms; ϭ 237 Ϯ 124 s) and CON (A ϭ 370 Ϯ 154 ms, P ϭ 0.748; ϭ 213 Ϯ 245 s, P ϭ 0.115) groups, yet there was a trend (P ϭ 0.066) for a lower RRI index (RRI I ) in the HTN (107 Ϯ 44 ms/min) compared with the CON (168 Ϯ 115 ms/min) group. Again, when comparisons were made after removing data from a single outlier in the CON group, differences in the RRI I (176 Ϯ 114 ms/min; P ϭ 0.022) and (157 Ϯ 104 s; P ϭ 0.015) were significant.
DISCUSSION
The key finding of this study was evidence of delayed HRR in older-age adults with stage 1 hypertension compared with age-matched normotensive adults. The HTN group had a smaller reduction in HR from peak HR during exercise to 1 min postexercise when compared with the CON group. Monoexponential modeling showed a reduced HRR I , as well as a lower percentage of overall HRR in the 1st min in the HTN group compared with the CON group. These results suggest that postexercise autonomic function is altered in the HTN group compared with the CON group, potentially due to attenuated parasympathetic reactivation and/or sympathetic withdrawal.
This study is the first to compare HRR between older-age normotensive and hypertensive adults. HRR has been shown to be attenuated in middle-aged adults with hypertension compared with age-matched normotensive adults (11). However, increased age has also been shown to attenuate HRR following maximal exercise (5) .
The attenuated HRR in the HTN group was shown through both traditional analysis, i.e., the decrease in HR from peak exercise HR to HR at specific time points (e.g., 1, 2, 3 min and so on), as well as the kinetics analyses of HRR. The faster adjustment (i.e., smaller ) and the greater HRR I both point to a faster postexercise recovery in the CON group. These data were in spite of a similar chronotropic response to exercise and HR max in each group. However, the differences between the HTN and CON groups for were only significant when the data for one outlier from the CON group were removed from the analysis. Together, the ⌬HR and kinetic analysis data of the present study show that even in older-age adults, HRR is attenuated further with hypertension.
HR is derived from the RRI, and therefore, we also compared the RRI response during recovery. From what we are aware of, this is the first study to compare the RRI recovery following exercise in hypertensive adults. Because the relationship between RRI and calculated HR is an exponential decline, for each regular decrement in RRI, there is an exponential increase in HR. This explains why we observed a significant difference between the HTN and CON groups for ⌬HR but not ⌬RRI. However, the strong trend of an increased RRI I recovery in the CON group was similar to the significantly increased HRR I in the CON group compared with the HTN group. The attenuated HRR in the HTN group is not due to between-group differences in cardiorespiratory fitness. HRR is improved with increased V O 2max (10, 17) ; however, in the present study, V O 2max was not significantly different between groups. Qc, SV, and TPR were also similar between groups at rest and during exercise. Therefore, the attenuated HRR and RRI recovery in the HTN group suggests that autonomic regulation during postexercise recovery is altered in the HTN group compared with the CON group.
The attenuated HRR in the HTN group is probably due to altered sympathovagal "balance" following exercise. However, the relative contribution of parasympathetic reactivation and sympathetic withdrawal to postexercise HRR and how this changes at different time points remain unclear (13, 17, 26, 30) . Hypertension is associated with a reduction in parasympathetic activity (27) and sympathetic hyperactivity (1, 12, 32) at rest; thus the attenuated HRR in the HTN group is probably due to delays in both parasympathetic reactivation and sympathetic withdrawal.
Previous studies in large subject cohorts have established HRR "thresholds," in which the failure to attain a given decrease in HR within a specific time following exercise is associated with a significantly increased risk of mortality. Watanabe et al. (31) suggested a decrease in HR of Յ18 beats/min after 1 min as a cutoff for decreased survival in a wide variety of patients, including hypertensive patients. Alternatively, in a cohort of healthy participants without cardiovascular disease, Cole et al. (9) found that a decrease of Յ42 beats/min, 2 min after ceasing exercise, was a strong predictor of mortality. In the present study, the HTN group had a greater but insignificant proportion of the patients who did not meet these criteria compared with the CON group. In contrast, the kinetic analysis of the data found that the calculated time to achieve a reduction in both ⌬HR 18 and ⌬HR 42 was slower in the HTN group compared with the CON group.
However, specific thresholds should be used cautiously, as consideration must be given to the exercise and recovery protocols. In particular, the position of recovery is critical, as supine recovery accelerates HRR via greater central blood volume and earlier restoration of central command. The parameters of this study (HRR measured in a seated position after an immediate ceasing of maximal exercise) do not match with the parameters of the Watanabe et al. (31) (recovery in a supine position) or the Cole et al. (9) (submaximal exercise) study.
An important consideration in the present study is that all subjects had been free of medication for at least 6 wk, and patients were classified as hypertensive or normotensive following the medication-free period. Therefore, these results are only representative of older-age adults who are not receiving pharmaceutical treatment for hypertension. ␤-Blockers have been shown to attenuate (3) or have no effect on (25) HRR; however, this disconnect is likely due to the ␤-blockerinduced reduction in HR max during exercise. Six weeks was considered sufficient time for the effects of the medications to be washed out; however, the concentration of the medications in the blood was not measured at the end of the 6 wk.
Another consideration in the present study is the practical implications for the kinetic analysis strategy used. Although the kinetics analyses used in this study offer distinct advantages in terms of identifying and describing physiological differences between the HTN and CON participants, the practical implications for a clinician and patient are less certain. We are unaware of any study that has compared the results of a kinetic analysis with future participant morbidity and mortality.
In summary, the present study shows that in older-age adults, HRR is attenuated with hypertension. These results indicate altered autonomic function following maximal exercise in the HTN group, which may include reduced parasympathetic activation and sustained sympathetic hyperactivity.
